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ABSTRACT The inability of the autologous host to reject 
£££W cells is frequently the result of inadequate 
£Sh» of tamor-specific T cells. ?P*^V£ 
alls occurs after delivery of two signals by th antogen 
nresenUne cell. The first signal is antigen-specific and is the 
Egemen S the T-cell antigen receptor by a specific major 

T cells, the second or costimulatory signal is the interaction of 
ie xlel I CD28 receptor with the B7 activation molecule of the 
SeT-pr^nting cdl. In the present study, we demonstrate 
SS^comacells genetically -^»E!*SJ 
T-cell activation signals stimulate poten t"^^^ 
T cells that cause rejection of both engineered and w*Mype 
neoS ic cells. Two other recent studies have also demon- 
SKat costimulation via B7 can improve tumor unmumty. 
SSlwWSdy differs from these reports by two impor- 

cells expressing xenogeneic viral antigens and ^ hence, the 
results are not applicable to wild-type resident tumors. Our 
stud ^howe^r.demonstratesthatcoexpression of B7by major 
SSSSk complex class IT tumor j cells ; induce u. 
munitv in the autologous host that is specific for naturally 
* Tcurring tumor antigens of poorly immunogenic tumors 00 
taZttSrikr studies', only CDS* T cells were "Uvated after 
coexnression of B7, whereas in the present report, tumor 
£STcD4 + T cells are generated. This report therefore 
UMtathe role of the B7 activation molecule in st mating 
?„. »„m„r ™ecific CD4 + T cells that mediate rejection of 
KS?K5 - P-ides a theoretical basis for immu- 
notherapy of established tumors. 

Reiection of a tumor by the autologous host is often mediated 
by'tumcr specific T lymphocytes. Recent studies frorr , a 
number of laboratories (1-3) suggest that the inability the 
SoS to reject a resident tumor may be due to the insufficient 
eeneration of tumor-specific T helper lymphocytes. CD4 T 
Kr ceUs are specifically activated when they receive two 
siSs delivered by an appropriate antigen-presenting cell 

APC) (4) Tne first signal is the engagement of the antigen- 
inecific T-cell receptor by the major histocompatibility com- 

EShQ ^?ilss II antigen-peptide complex. The second or 

can ffi^taiUn. in the autologous host if 
S^eSS-cered to present tumor antigen and dehverthe 

r a «ordance with 18 U.S.C. 11734 solely to md.cate th.s fact. 



B7 coactivation signal. Immunization ^h such engineered 
tumor ceUs generates potent tumor-specific CD4 T cells i mat 
Sate refection and confer ™™"^™™^° T ^ S 
Hn^ challenees of wild-type neoplastic cells. These results 
demonsfrateSe critical role of the B7 costimulatory pathway 
fn TSTting tumor-specific CD4+ T ceUs > and J provide an 
attractive strategy for enhancing tumor immunity. 

MATERIALS AND METHODS 
Cells. Sal tumor cells were mainlined as desc nbed (IV 
Antibodies. The monoclonal anttbody (mAb I 10-3 .6, spe 
cific for I-A* (9), was prepared and used as described (1). The 
B^ecuic mAb 1G10 is a rat ^^GKlllm Z 
described (10). mAbs specific for CD4+ [GK1.5 (11)] and 
CD8 + 12 43 (12)] were used as ascites tluia. 
^TratlsVecUons! Mouse Sal sarcoma celh ' were^sfected 
as described (1) with wild-type Aa" ^ dassU 

cDNAs Aa k and Ab k cDNAs truncated for t he * C^™"" 

£22 ^^rxi^^^ 

sS/B7 transfectants, which were ™«™*>™« m ^X 
in drug. Double transfectants were mat n * ,ned \ n ° 4 * 8 / ^ 
hygromycin. The numbers after each transfectant are the 

Cl0 ^utCr 0 eience. Indirect immunofluorescence was 
peS as described (1), and samples were analyzed on an 

EP £^ZT?or primary tumor challenges, autolo- 
gous A/J 3£ wL challenged i.p. with the : md.cated num- 
ber of tumor cells. Inoculated mice were checked three tunes 
£ rweTformmor growth. Mean survival times o nuce 
dying from their tumor ranged from 13 to 28 days after 
solution Mice were considered to have died from their 
tumo T£e Contained a large volume of ascites fluid and 
tumor ce is 0*5 ml) at the time of death. Mice : were conad- 
ered tumor-resistant if they were tumor-free for at least 60 
Says aZ tumor challenge (range, 60-120 days) Jumor cejs 
were monitored by indirect i mm « noflu0 ^ 
B7 expression prior to tumor-cell inoculation. For the exper 
^s of Table 2 autologous A/J mice were immunized i.p. 

cells and challenged i.p. with the indicated number of wdd- 

Abbreviations: MHC, major hist«>compatibiUty complex; APC. an- 
Ugen-presenting cell; mAb. moiiocloi^ mubody . 
iTo whom reprint requests should be addressed. 
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tvoe Sal ceUs 42 days after immunization. Mice were eval- 
uated for tumor resistance or susceptibility using the same 
criteria as for primary tumor challenge. ,. tiMl frt _ rm + 

In vivo T-Cell Depletions. A/J mice were depleted for CD4 
or CM* T cells by'.p. inoculation with 100 
of mAb GK1.5 (CD4 + specific; ref. 11 1 or mAb 2.4 (CM 
soecific- ref 12) on days -6, -3, and -1 prior to tumor 
Snge and every third day after tumor challenge as 
deSd (15) untU the mice died or day 28, whichever came 
first Presence or absence of tumor was assessed up to day 28. 
Ss studies have established that A/J mice with large 
tumors at day 28 after iiyection will progress to death, flus 

"me S>int was. therefore, chosen to assess tumor suscepti- 
bly for he in vivo depletion experiments. One mouse per 
g oup was sacrificed on day 28. and its spleen was assayed by 
fmmSnofluorescence to ascertain depletion of the relevant 

T-cell population. 

RESULTS 

Coexpressi«n of B7 Compensates for the Absence of the 
MHC Class II Cytoplasmic Domain and Restores Inuniraoge- 
nicity. The mouse Sal sarcoma is an ascites-adapted class i 
32V tumor of A/J (H-2K k AW mice. The wild-type 
tumor is lethal in autologous A/J mice when administered MJ 
Sal cells transfected with, and expressing, syngeneic MHC 
class II genes (Aa k and Ab« genes; Sal/A" cells) are immu- 
nologically rejected by the autologous host, and immuniza- 
tion with live Sal/A k cells protects mice against subsequent 
chSknges with wild-type class II~ Sal cells (1). Adoptive 
transfer (16) and lymphocyte depletion studies (E. La- 
moussd-Smith and S.O.-R., unpublished data) demote 
that Sal and Sal/A k rejection is dependent on CD4 lym- 
phocytes. Sal cells expressing class II molecules with trun- 
cated cytoplasmic domains (Sal/A k tr cells), however are as 
lethal as wild-type class II" Sal cells, suggesting that the 
cytoplasmic region of the class II heterodimer is required to 
induce protective immunity (17). 

It has recently been demonstrated that up-regulation of the 
B7 activation molecule on the APC is triggered by intracel- 
lular signals transmitted by the cytoplasmic domain of the 
class II heterodimer, after presentation of antigen to CD4 1 
helper cells (10). Inasmuch as B7 expression is normally 
up-regulated in vivo on Sal cells expressing full-length class 
II molecules (S.B. and S.O.-R., unpublished data), we have 
speculated that Sal/A k tr cells do not stimulate protective 
immunity because they do not transmit a costimulatory 

"to test whether B7 expression can compensate for the 
absence of the class II cytoplasmic domain, Sal/ A tr cells 
were supertransfected with a plasmid containing a cDNA 
encoding murine B7 under the control of the cytomegalovirus 
promoter and screened for I- A" and B7 expression by indirect 
immunofluorescence. Wild-type Sal cells do not express 
either I-A k or B7 (Fig. 1 a and ». whereas Sal cell > trans- 
fected with Aa k and Ab k genes (Sal/A* cells) or truncated Aa 
and Ab k genes (Sal/A k tr cells) express I-A k (Fig. 1 d and 
and do not express B7 (Fig. 1 c and <). Sal cells > tnmsfccted 
with truncated class II genes plus the B7 gene (Sal/A r/B7 
cells) express I- A" and B7 molecules (Fig. 1 g and h) . M ceUs 
express uniform levels of MHC class I molecules (K* and D ) 
comparable to the level of I-A" in Fig. lh (data not shown) 
Antigen-presenting activity of the transfectants was tested 
by determining their immunogenicity and lethality "» autol- 
ogous A/J mice. As shown in Table 1 wild-type Sal cells 
administered i.p. at doses as low as W ' cells are lethal in 
88-100% of mice inoculated within 13-28 days after chal- 
lenge, whereas 100 times as many Sal/A k cells are uniformly 
rejected. Challenges with similar quantities of Sal/A tr cells 
are also lethal; however, Sal/A k tr cells that coexpress. 37 
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Fig. 1. Sal tumor cells transfected with /-A* and B7 genes 
express these molecules at the. cell surface. Sal/A , Sal ceUs 
transfected with wild-type Aa* and ^ 8en f s clone 19£4 Sal/ 
A k tr, Sal cells transfected with truncated Aa k and Aft* f ne *J= 1 ° n * 
6.11.8; Sal/A k tr/B7, Sal cells transfected with 
At* genes and supertransfected with the B7 gene ABi WW™ 
clones tested consistently express lower levels of MHC _class ^1 
antigen than Sal/A k tr or Sal/A k ceUs. Abscissa represents three 
oriere "oSntode of fluorescence intensity. Dotted hnes represent 
coS Snofluorescent staining by fluorescein 
(FITC)-coniugated goat anti-mouse immunoglobulin (b, a, J, ana n> 
or FITC-conjugated goat anti-rat ,—oglobulm (« . c, , e and g 
solid Unes represent staining by I-A k -specrfic mAb ,10-3 6 V) plus 
FITC-conjugatedgoat anti-mouse immun()globulin(fc. d,/. and A)or 
B7-specific mAb 1G10 (10) plus FITC-conjugated goat anti-rat un- 
munoglobulin {a, c, e, and g). 

* 

(Sal/A k tr/B7 clones -1 and -3) are uniformly rejected. A/J 
mice challenged with Sal/A k tr cells transfected with the B7 
construct, but not expressing detectable amounts ^of B7 
antigen (SaI/A k tr/hph ceUs), are as lethal as Sal/A*tr cells, 
demonstrating that reversal of the malignant phenotype m 
Sal/A k tr/B7 cells is due to expression of B7. I>al ceus 
transfected with the B7 gene and not coexpressing truncated 
class II molecules (Sal/B7 cells, uncloned) are also as letlud 
as wild-type Sal cells, indicating that B7 expression without 
truncated class II molecules does not stimulate immunity, lo 

Table 1. Tumorigenicity of B7 and MHC class II-transfected Sal 
tumor cells . 



Challenge tumor 



Sal 

Sal/A k 19.6.4 
Sal/A k tr 6.11.8 



Sal/A k tr/B7-1 
SaI/A k tr/B7-3 



SaI/A k tr/hph 
Sal/B7 



Expression 
I-A k B7 


Tumor 
dose, 
no. of cells 






1 x 10 6 






1 x 10 5 






1 x 10 4 


A k 




1 x 10 6 


A k 




5 x 10 5 


A k 




1 x 10 5 


A k tr 




1 x 10 6 


A k tr 




5 x 10 5 


A k tr 




1 x 10 5 


A k tr 


B7 


1 x 10 6 


A k tr 


B7 


1 x 10 6 


A k tr 


B7 


4 x 10 5 


A k tr 


B7 


1 x 10 5 


A k tr 




1 x 10 6 




B7 


1 x 10 6 



Mice dead/mice 
tested, no./no. 



9/10 
8/10 
7/8 
0/12 
0/5 
0/5 
12/12 
5/5 
5/10 
0/4 
0/5 
0/5 
0/5 
5/5 
5/5 
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ascertain that rejection of Sal/A" and SaI/A k t^ceUs is 
immunologically mediated, sublethal* 
rad = 0 01 Gv) A/J mice were challenged i.p. with these ceiis. 
E all case^iradiated mice died from the tumor We co»- 
Sude that immunogenic^ and host rejection ^ ^ 
class II + tumor ceUs are dependent on an intact class n 
molecule Sat ^expression of B7 can bypass the require- 
ment for the class II intracellular domain. _ . . 

Immunization with B7-Transfected Sarcoma Cells ProtecU 
AeXrtLaUr ChaUenges of Wild-Type B7" Sarcoma. Acti- 
v?tiW aUeast some T cells is thought to be dependen on 
cSrelsion of B7. However, once theT ceUs are activa ed, 
BTex'pSnisnotrequiredo 

by effector T ceUs. We have therefore tested 1 the abdity of 
three Sal/A k tr/B7 clones (B7-3, B7-1, and B7-2B5.E2) to 

mmuniM A/J mice against subsequent chaUenges of wild- 
WrTcSs II- ™7" Sal ceUs CTable 2). A/J mice ^were 

mmumzed with live Sal/A k tr/B7 transfectants and 42 days 

percent of mice immunized with the Sal/ A k tr/B7 transtec 
rants were immune to slO 6 wild-type B7" class II Sal cells, 
T4muni y that is comparable to that induced by immuni- 
St"n Sal cells expressing fuU-length class II molecules. 
S7aSb7 cells, therefore, stimulate a potent response 
wkh long term immunological memory against high-dose 
Series of malignant tumor cells. B7 expression is, there- 
fore critical for ^stimulation of Sal-specific effector ceUs; 
however its expression is not needed on the tumor targets 
oncTISe appropriate effector T-cell populations have been 

8C E!mzation with B7-Transfected Tumor Cells Stoulates 
Tumor-Specific CD4 + Lymphocytes. To ascertain that B7 is 
Son&ugh a T-cell .pathwa, nu ^^J^™ 
have m v/vo-depleted A/J nucefor CD4 * « CD8 T ceUs ana 
challenged them i.p. with Sal/A k or Sal/A k tr/B7 cells As 
SfwnSle 3, 1 vivo depletion of CD4+ T cdta results in 
host susceptibUity to both Sal/A v and Sal/A*tr/B7 tumors, 
rndtaung That CD4+ T ceUs are critical for tumor rejection 
whereat depletion of CD8+ T cells does not affect J Sal/ 
3S/B7 tumor rejection. Although immunofluorescence 
analysis of splenocytes of CD8 + -depleted mice demonstrates 
Sb ence of CD8 + T cells, it is possible that the depleted 

tevel of detection. These data therefore demonstrate tha 
S5* i S are required for tumor rejection but do not 
eliminate a possible corequirement for CDS 1 ceus - 
Tevious adoptive transfer experiments (16) have demon- 
strated that both CD4 + and CD8 + T ceUs are required for 
reaction of class II" wild-type Sal cells. Inasmuch as rejec- 

Table 2 Autologous A/J mice immunized with Sal/A k tr/B7 

. .. r ...:tA Cal tumor 
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Table 3. Tumor susceptibility of A/J mice in v/vo-depleted for 

CD4 + or C D8+ T cells - 

No. mice with tumor/ 

total no. mice challenged 

3/5 
5/5 
0/5 



Immunization 



None 

Sal/A k 19.6.4 
SaI/A k tr/B7-3 



Sal/A k tr/B7-1 



SaI/A k tr/B7-2B5.E2 





Sal 






challenge 






dose, 


Mice dead/ 


No. of 


no. of 


mice tested, 


immunizing cells 


cells 


no./no. 




1 x 10 6 


5/5 


1 x 10 5 or 10 6 


1 x 10 6 


0/5 


1 x 10 6 


6 x 10 6 


0/5 


1 x 10 6 


6 x 10 6 


0/5 


1 x 10 6 


1 x 10 6 


0/5 


4 x 10 5 


1 x 10* 


0/5 


1 x 10 s 


5 x 10 6 


0/5 


5 x 10 5 


3 x 10 6 


0/3 


2 x 10 5 


1 x 10 6 


0/2 


5 x 10 4 


5 x 10* 


0/3 


1 x 10 5 


2 x 10* 


0/2 


5 x 10 4 


2 x 10 6 


1/7 



Tumor challenge Host T-cell depletion 

Sal/A" CD4 + 
Sal/A k tr/B7-3 



CD4 + 
CD8* 



tion of Sal/ A" and Sal/A"tr/B7 cells appears Woj 
CD4+ T cells, it is likely that immunization with class II 
transfectants stimulates both CD4+ and CD8 + effector T 
2b; however, only the CDS* r °?™£ £ 

rejection of class I + II" tumor targets. Costimulation by B7, 
Sore^enhances immunity by stimulating tumor-specific - 
CD4 + helper and cytotoxic lymphocytes. 

DISCUSSION 

In other recent studies, we have shown (18) that Sal/A" xeUs 
supertransfected with the class II-assoc.ated invanan chain 
gene (Ii) are as malignant as wUd-type Sal cells, indicating 
that class II + tumor cells that coexpress I. are unable to 
stimulate tumor-specific immunity. Inasmuch as Ii is thought 
to inhibit the presentation of endogenous^ synthesized pep- 
tides by class II molecules (19-26), these data suggest that die 

increased immunogenicity of Sal/ A" cells is due to the 
presentation of endogenously synthesized 1 tumor 
Collectively, these data are consistent with the hypothesis 
that Ii" Sal/A k cells stimulate potent tumor- specific immu- 
nity because their class II molecules directly present ^endog- 
Sously synthesized tumor peptides to CD4+ T ce ^by 
improving the generation of tumor-specific T he per cells 
Th e aSy of me class II + tumor cells to directly preset, 
tumor peptides to CD4 + T helper cells bypasses the need for 
third-party APCs and probably improves tumor immunoge- 
nicity because soluble tumor antigen (in the form of tumor- 
cell debris or secreted protein) may not be available for 

■TSSlSSi^ Sal sarcoma by autobus 
A/J mice is T-cell-mediated, these results support the two- 
sienal model for T-cell activation in primary immune re- 
^nserPrevious studies have established the ******* 
for a second signal for activation of T cells in vitro (5-8) 
however the present results document the requirement for 
5 S and'second signals for effective T-cell activation 
within the complex in vivo setting of autologous tumor 

re The°requirement for a costimulatory signal for generation 
of effective tumor-specific immunity, raises the quesuon of 
whether inadequate anti-tumor responses are due to insuffi- 
cient generation of a first or second signal. Indeed, in the 
absenS of costimulation, tumor-specific T cells may be 
anerrized leading to tolerance (4). This scenano may occur 
rmSXnt disease if tumor-cell debris is not present or if 
tum^TSens are not secreted, and hence, tumor peptides 
SrnorSable for uptake by APCs that consti utively 
Express costimulatory molecules such as the B7 activation 

though Sal is a weakly immunogenic tumor it can 
induce effective tumor-specific immunity if, by tran sfection 
h exoresses the appropriate antigen-presenting elements 
e MHC class II molecules) and delivers the required 
signals (e.g., B7) to responding T cells. The inability of the 
autologous host to respond to wild-type tumor ceUs is, 
therefore, probably not due to lack of expression , of tumor 
peptides but rather to inadequate presentation of these pep- 
STdes and/or to delivery of the required additional activation 
signals. 
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Two other reports (27, 28) have also demonstrated the 
efficacy of B7 expression for improving tumor-specitic im- 
munity; however, two important differences distinguish the 
present report from these studies. In both of the previous 
studies, the K1735 mouse melanoma was transfec ed wi h he 
B7 gene. Interestingly. Chen et al. (27) cotransfected with the 
E7 viral gene from human papillomavirus, and the result ng 
immunity was specific for and dependent on expression of the 
E7 gene product. Inasmuch as E7~ melanoma cells were no 
targets for B7-stimulated effectors, this study suggested that 
constitutive B7 expression would not be applicable as im- 
munotherapy for wild-type established tumors. In the Town- 
send and Allison study (28), however, using the same K1735 
tumor coexpression of a viral antigen was not required for 
immunity. Likewise, in our study, expression of a xenogeneic 
tumor antigen is not required, and immunity appears to be 
directed against endogenously encoded murine tumor mole- 
cules Hence, our studies support the contention that coex- 
pression of B7 can stimulate potent immunity to natura 
tumor antigens and, therefore, provide a strong experimental 
basis for stimulating immunity to spontaneous resident ma- 
lignancies. „ r . j 
In the present report, we demonstrate that B7-transfected 
sarcoma cells stimulate potent tumor-specific CD4 + effector 
cells whereas in the studies of Chen et al. (27) and Townsend 
and Allison (28), immunization with B7-transfected mela- 
noma cells induced CD8 + effectors. This difference in effec- 
tor population is probably the result of the presentation of 
tumor peptide by different MHC gene products. In the K1735 
melanoma system, the tumor antigen is most likely presented 
by MHC class I molecules, whereas in our sarcoma system 
tumor peptide is presented by MHC class II molecules. 
Collectively, the three studies demonstrate that under the 
appropriate conditions, coexpression of B7 can optimize 
stimulation of both CD4 + and CD8 + T cells, thereby enhanc- 
ing the tumor-specific immune response in both T-cell com- 
partments. .... _ 

In the experimental system described in this report, con- 
stitutive expression of B7 appears to provide the costimula- 
tory signal for T-cell activation in the absence of the MHC 
class II cytoplasmic domain. Aside from being a formal 
demonstration of the role of the class II cytoplasmic domain 
in second signal induction, this result provides an experi- 
mental framework for improving tumor-specific immunity. 
Our previous approach for improving tumor-specific ^ re- 
sponses has been to constitutively express syngeneic MHC 
class II molecules in tumor cells (1) and rely on the transient 
induction of costimulatory signals during the immunization 
process. However, a wider repertoire of tumor-specific 1 
cells may be activated, resulting in a more potent primary 
response, if B7 is stably expressed by the class II* tumor. 
Tumor cells stably coexpressing B7 and syngeneic MHC 
class II molecules may, therefore, be very useful immuno- 
gens for protecting against subsequent metastatic disease 
and/or for rescuing individuals carrying established tumors. 
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he IgG Fc receptors (FcyRs) are 
expressed primarily on im- 
mune effector cells, and link 
cellular and humoral immun- 
ity by serving as a bridge between antibody 
specificity and effector cell function. In this 
fashion, FcyRs act as trigger molecules for 
inflammatory, cytolytic, allergic (hypersen- 
sitivity), endocy tic and phagocytic activities 
of immune effector cells. Moreover, since 
many FcyR-bearing cells are also antigen- 
presenting cells (APCs; e.g. macrophages, 
dendritic cells), Fcr/R-mediated internaliz- 
ation via phagocytosis may also lead to 
antigen presentation and amplification of the immune response. 
These functions of FcyRs are linked to activation and regulation of 
immune defense in various disease conditions. The position of 
FcyRs as a gateway both to cellular and humoral aspects of the im- 
mune cascade makes them potentially attractive candidates for di- 
rected immunotherapy. This review focuses on the clinical signifi- 
cance of FcyRs and developments in Fc^R-directed therapies for 
cancer, infectious diseases and autoimmune disorders. 



FcyR structure and function 

There are three classes of FcyR: FcyRI (CD64), FcyRII (CD32) and 
FcyRIII (CD16). These classes comprise nine membrane-associated 
and three soluble FcyR molecules, encoded by eight genes (Fig. la). 
FcyRs are expressed by most hematopoietic cells, and their expres- 
sion can be enhanced by certain inflammatory cytokines such as 
interferon y (IFN-y) and granulocyte colony-stimulating factor 
j (G-CSF) (Table 1)W With the exception of the giycosylphospha- 
| tidylinositol (GPI)-linked FcyRHIb, all FcyRs are transmembrane 
molecules belonging to the family of multichain immune recogni- 
tion receptors (MIRRs), which also includes the B-cell receptor 
(BCR) and T-cell receptor (TCR). FcyRIa is a high-affinity receptor 
and contains three Ig-like domains in its extracellular region, in- 
stead of two as in all other FcyRs. FcyRII and FcyRIII represent low- 
affinity receptors. Most FcyRs exist as hetero-oligomeric complexes 
with a ligand-binding a-chain and a signaling component compris- 
ing v, P- or 5-chains (Fig. la, Table 1). Each signaling chain bears a 
unique -26 amino acid immunoreceptor tyrosine-based activation 



Fc receptors for IgG (FcyRs) can 
trigger the inflammatory, cytotoxic 
and hypersensitivity functions of 
immune effector cells. Activation 
or deactivation of effector cells via 
FcyRs can be exploited to develop 
novel therapies for cancer, 
infectious diseases and autoimmwie 
disorders. Initial results of clinical 
trials for several FcyR-directed 
immunotherapies show the 
potential promise of this approach. 



motif (ITAM) involved in activatory func- 
tions. A similar, albeit noncanonical, ITAM 
is located in the cytoplasmic region of 
FcyRIIa and appears to be critical for cell ac- 
tivation by this receptor 1 . Recently, FcyRIIa 
has been shown to be capable of interacting 
with the FcR 7-chain, which modulates its 
signaling behavior 3 - 4 . The FeyRHb members 
contain a unique 13 amino acid immuno- 
receptor tyrosine-based inhibitory motif 
(YUM) in their cytoplasmic domain, and this 
is important in immune-inhibitory func- 
tions. Conserved ^tyrosine and leucine resi- 
dues within these signaling motifs play a 
central role in FcyR signal transduction 5 . 

Additional FcyR heterogeneity is introduced by polymorphisms 
(Fig. lb). The myeloid FcyRIIa (CD32) differs by a single amino acid 
within the second Ig-like domain, either an arginine or histidine 
at position 131 (FcyRIIa-R131 or FcyRIIa-H131) 6 . The neutrophil 
FcyRIIIb-NAl and -NA2 allotypes differ by five nucleotides, 
which result in an increased number of glycosylation sites in 
FcyRIIIb-NA2 (six versus four) 7 . In addition, amino acid variation 
at position 48 distinguishes three allotypes of FcyRIIIa (Ref. 8). 
Furthermore, amino acid variation at position 158 of FcyRIIIa results 
in a polymorphism with functional consequences (H.R. Koene et al, 
unpublished). 

Although the extracellular domains of various FcyRs do not ex- 
hibit exclusive specificity for ligands (Table 1), individual FcyRs 
trigger characteristic biological responses determined by both the 
nature of the effector cell and the transmembrane and cytoplasmic 
regions of the receptor 1 - 2 . Furthermore, the transmembrane domains 
of MIRRs may functionally interact. For example: on neutrophils, 
crosslinking of FcyRIIIb enhances FcyRIIa-mediated phagocytosis 5 ; 
on B cells, co-crosslinking of FcyRIIb and the BCR results in down- 
modulation of antibody secretion; and, on neutrophils, complement 
receptor 3 (CR3; CDllb/CD18) acts as a signaling partner for GPI- 
linked FcyRIIIb (Refs 5, 10, 11). The first step in FcyR activation is 
receptor crosslinking, with as few as two crosslinked receptors acti- 
vating the signaling cascade (Fig. 2). Crosslinking at the FcyR 
ligand-binding domain, as well as outside this domain [via anti- 
receptor monoclonal antibodies (mAbs)], triggers FcyR function 1 - 12 . 
The second step involves phosphorylation of tyrosine residues 
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Fig. I . (a) The human FcyR family. The ligand-binding a-clmim of all receptors contain extracellular regions comprising disulfide-bonded immuno- 
globulin (Ig)-hke domains, FcyRI has three Ig-like domains, the others have two Ig-tike domains. FcyRIa, FcyRlla and FcyRIlIa exist as oligomeric com- 
plexes with associated FcR T , or (-chains, which contain immunoreceptor tyrosine-based activation motifs (TTAMs) indicated by the plus sign FcyRIIb 
molecules contain an inhibitory motif (ITIM) , indicated by the minus sign. All three classes contain soluble molecules not shown in this diagram, (b) FcyR 
polymorphisms. Two allotypic forms of human FcyRlla have been distinguished by the presence of either arginine (FcyRIIa-R131) or histidine (FcyRIla- 
H131) at position 131. The two allotypes of FcyRllla contain either valine or phenylalanine at position 158. The FcyRMb-NAl and -NA2 allotypes 
differ by five nucleotides, which results in differential glycosylation (indicated by the arrow heads). Abbreviation: GPL glycosylphosphatidylinositol 



within the ITAM of FcyRs by sre-family protein tyrosine kinases 
(PTKs). This is followed by association and activation of syWamily 
PTKs with the phosphorylated ITAM. The subsequent events are 
not clearly delineated but appear to involve several distinct signal- 
ing components leading to different biological responses 1 . 

FcyR-expressing cells activated via these signaling cascades are 
able to lyse or phagocytose IgG-opsonized pathogens or tumor cells, 
as well as clear immune complexes (ICs), promote antigen pres- 
entation and induce inflammation. The FcyR-dependent phagocytic 
and cytolytic [antibody-dependent cellular cytotoxicity (ADCC)] 
activities are well documented. These activities play a key role in 
immune defense against infectious diseases, and probably in im- 
mune surveillance against malignant cell growth. In vitro, targeting 
antigens to FcyRs on macrophages and dendritic cells significantly 
facilitates antigen presentation 13 . Similar data have been obtained in 
a human FcyRI (huFcyRI) transgenic mouse model in which the 
transgenic animals induced a much greater humoral response to 
FcyRI-directed antigens than the nontransgenic littermates, sup- 
porting a role for huFcyRI in antigen presentation 14 . In the same 
model, a role for FcyRI in inflammatory processes was suggested by 



a dramatic increase in phagocyte expression of huFcyRI in mice 
with inflammatory lesions. In contrast to. these immune defense 
functions, activation of FcyR by autoantibodies or defects in FcyR 
functions are implicated in several autoimmune disorders. 
Recently, the significance of FcyRs in type II and III hypersensitiv- 
ity reactions has been firmly established by defective anaphylactic 
and inflammatory responses observed in mice deficient in the FcR 
y-chain or in FcyRIH (Refs 15-17). Thus, the pleiotropic biological 
responses induced via FcyRs play a significant role in various dis- 
eases. Therefore, therapies that harness these cytotoxic and immune 
activation functions of FcyRs, or downmodulate FcyR activity, are 
currently being developed. 
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FcyRs and cancer 

Destruction of tumor cells by FcyR-expressing effectors via ADCC 
and phagocytosis has been well established. Tumor-specific anti- 
bodies and bispecific molecules (BSMs) directed to FcyR-expressing 
effector cells represent two approaches developed to harness FcyR 
activities for cancer therapy. FcyR-directed tumor vaccines are also 
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being developed, since antigens directed 
to FcyRs on APCs induce strong antigen- 
specific immune activation 13 ' 14 . 



Role of FcyRs in antibody therapy 
Tumor-specific mAbs can mediate destruc- 
tion of tumor cells by phagocytosis or 
ADCC induced via binding to FcyRs. 
In vitro studies have shown mAb-mediated 
ADCC of a broad spectrum of tumor cell 
lines, derived both from solid tumors 
and hemato-lymphatic tumors, by FcyR- 
expressing monocytes, macrophages, eo- 
sinophils, neutrophils and natural killer (NK) 
cells 18 - 19 . Involvement of FcyRs in mAb- 
mediated cytotoxicity is supported by the 
following observations: (1) crosslinking 
FcyRs triggers cytotoxicity of specific im- 
mune effector cells; (2) serum IgG, which 
can compete with tumor-specific mAbs of 
certain iso types for binding to FcyRs, in- 
hibits mAb-mediated ADCC of tumor cells; 
(3) mAb-mediated tumoricidal activity of 
specific effector cells can be induced or en- 
hanced by cytokines that upregulate FcyR 
expression 20 ; (4) antitumor activity of differ- 
ent iso types correlates with the ability of an 
isotype to engage FcyRs on cytotoxic effec- 
tor cells; and (5) with a few exceptions, 
F(ab*) 2 fragments of rumor-specific mAbs 
are ineffective in tumor cell killing. 

In vivo studies in mouse models and 
clinical trials further" support the Tnv itro 
observations, hirst, tumor-specific mAbs 
have been round to b e equally effective Eradicating tum ors in 
mice^ftclenF^ompTement component C5 as in cont rol mice, 
Which-ttereby excludes complement-mediated tumor ceJH 




* »»— »*w* iynu hi 

•"t his model-, hu rmermore, the capa city of antibo dies_^lirif 
tumor re gression has"Been shown in certain caseTto depend on 
FcyR=gxprgssmg en^ ctoj^ejls 22 . Indeed, the rate of tumor rejec- 
tion correlates with the density of FcyR-expressing effector cell 
infiltration at the tumor site following antibody therapy, and de- 
pletion of FcR + effector cells was found to abrogate mAb effi- 
cacy 22 - 23 . In addition, comparison of antibodies with the same 
tumor specificity but different isotypes shows a correlation be- 
tween the capacity of an antibo dy to induce ADCC in vitro a nd its 
efficacy in vivo in mo use models 2 4 . In a clinical trial comparing 
isotypT-s^v^^ of CAMPATH antibody (specific for 

CDw52), the strongest depletion of malignant cells was observed 
with the antibody isotype that most effectively induced ADCC 
in vitro™. Adjuvant th erapy with a murine I^G 2a (a potent me- 
di ^oti of AOrq^u mor-specific mAb (anti- 17-iA)^ reduced the 
overalTdeath rate by>30% in colorectal cancer pahents^THuman 

7% 



Ig Gl has the broadest spectrum reactivirr with human FcyRs 
(Table 1) and is, therefore, regarded as optimal for effector cel l 
lysis in recruitment In accordance, a humanized IgGl anti -HER-2/ngM 



antibody and a chimeric IgGl anti-CD20 antibody have shown 
very encouraging clinical responses, emphasizing the importa nce 
of the human Fc region 19 * 2 *. These studies indicate that the cytotoxic 
activity of Fc7R-expressing effector cells may play an important 
role in the antitumor effects of tumor-reactive mAbs. 



BSMs 

In order to improve effector cell recruitment and FcyR activation at 
tumor sites, BSMs that have one arm specific for tumor cells and the 
other specific for FcyRs on immune effector cells have been devel- 
oped 12 . These BSMs offer several advantages over conventional 
mAbs as detailed in Box 1. 

FcyRI and FcyRIII are of particular interest for BSM targeting. 
Fc^RI is expressed solely on cytotoxic effector cells and is always 
capable of triggering cytotoxic activity Since it is typically saturated 
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Fig. 2. Sdiematic representation of effector cell activation through FcyRs. 
The crucial first step is crosslinking of FcyRs, and this is promoted by sim- 
ultaneous binding of several antigen-IgG immune complexes to the ex- 
tracellular region of FcyR a-chains. This results in the association and ac- 
tivation of sic-family PTKs, inducing tyrosine phosphorylation (P) oftiie 
FcyR TTAM. This phosphorylation results in binding and activation of 
syk-family PTKs f followed by a cascade of events culminating in physio- 
logical responses. The exact point(s) of interaction between the PTKs and 
FcyRs has not been well established. Abbreviations: ADCC, antibody- 
dependent cellular cytotoxicity; HAM, immunorecepter tyrosine-based 
activation motif; PTK, protein tyrosine kinase. 

with serum IgG under normal physiological conditions, it can be 
most effectively triggered to induce ADCC, phagocytosis and other 
effector functions by BSMs that can bind outside the Fc ligand- 
binding domain. Several such BSMs have been developed, with one 
arm specific for F07RI and the other arm specific for a tumor marker 
such as CD) 5, HER-2/ neu, epidermal growth factor receptor 
(EGFR) 57 , disialoganglioside (GD2), HLA-DR (Ref. 27), CD19, CD37, 
or gastrin-releasing peptide (GRP) receptor (reviewed in Ref. 12). 
These BSMs readily direct monocytes, macrophages and IFN-7- or 
G-CSF-achVated polymorphonuclear leukocytes (PMNs) to tumor 
cells, and have proven to be highly effective in mediating ADCC and 
phagocytosis of tumor targets. FcyRIO is an important Fc receptor 
triggering ADCC by NK cells and it is also functional on 
macrophages (Table 1). BSMs specific for Fc>RIII and tumor antigens 
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hgtipn 'potii ^as ^otb^d^e^brs 
^g^^^mpte tumor destraetion 

! ~ ^ing^tp tumor; cfcUs^m^n^lfo 
before ef^orrcells inay be^anned' 

such as HER-2/neu, CD30, CA19-9, CD33 and high-molecular- 
weight melanoma antigen have shown effective killing of tumor cells 
in vitro. Efficacy of BSMs in vivo has been demonstrated in severe 
combined immunodeficiency (SOD) mice xenografted with human 
tumors. BSMs in combination with human effector cells induced 
long-term survival 28 and complete regression of established tumors 29 . 

Three BSMs directed to FcyRI and two directed to FcyRHI are cur- 
rently being tested in clinical trials, either alone or in combination 
with cytokines that may enhance their efficacy (Table 2). Several 
phase I/H studies are under way with two BSMs (MDX-210 and 
MDX-447) comprising chemically linked F(ab') fragments of FcyRI- 
and HER-2/mrw- or EGFR-specific antibodies, in late-stage cancer pa- 
tients with various HER-2/«£«+ or EGFR + maUgnancies. Single and 
multiple doses (up to 25 mg m~ 2 ) of BSMs are tolerated well, and in- 
duce immunological and biological responses 30 - 31 . After infusion, 
BSMs bind rapidly to Fc^RI^ressing effector cells, and trigger both 
a transient disappearance of these cells from the circulation and a sig- 
nificant rise in serum levels of the inflammatory cytokines, tumor 
necrosis factor a (TNF-a), interleukin 6 (lLr6) and G-CSF. BSM-coated 
effector cells infiltrate tumors, resulting in tumor inflammation, 
tumor regression, a decrease in levels of tumor antigen in circulation, 
and improvement in symptomatic relief 30 - 31 . In some instances, up to 
20-fold increases in serum levels of human antitumor antibodies 
(IgM and IgG) were observed, indicating that FcyRI-directed BSMs 
promote antigen presentation and induction of antitumor immune 
responses in vivo (P. Guyre et al, unpublished). In another trial, a BSM 
comprising a mAb to CD15 linked with an FcyR! mAb was tested in 




and are involved in antibody-dependent killing of infected cells ex- 
pressing viral antigens 1 - 12 . Fc7RIIIa-expressing NK cells isolated 
from human immunodeficiency virus (HTV)-seropositive individ- 
uals have been shown to be coated with anti-HIV antibodies and 
readily mediate lysis of HIV-infected or gpl20-coated target cells 
in vitro. Furthermore, this ADCC activity correlates inversely with 
disease progression 34 . The importance of appropriate detection of 
IgG-opsonized microorganisms by FcryRs on phagocytes is further 
emphasized by susceptibility of individuals expressing the 
Fc7RIIa-R131 allotype to infections by encapsulated bacteria. The 
Fc7lla-H131 allotype (as opposed to FcYRIIa-R131) is identified as 
the only FcyR capable of binding human IgG2 (Ref. 6), an important 
isotype in immune defense against encapsulated bacteria. 
Neutrophils from individuals expressing the FcyRIIa-R131 allotype 
inefficiently phagocytose human IgG2-coated bacteria 35 , rendering 
these individuals more susceptible to infection. Allotypic forms of 
FcYRIIIb (NA1 versus NA2) have also demonstrated differences in 
the binding and phagocytosis of IgGl- and IgG3-coated particles 36 , 
which may have clinical relevance with regard to susceptibility to 
infectious disease. 



four patients, one of which showed a transient decrease in leukemic 
cells 32 . A BSM specific for FC7RIII and CD30 has been tested in pa- 
tients with Hodgkin's disease and shown to be tolerated well and 
able to elicit a clinical response in some patients (F. Hartmann et al., 
unpublished). A BSM (2B1) specific for FcyRHI and HER-2/new, and 
comprising a hetero-antibody containing the murine IgGl Fc region, 
has been tested in HER-2/neu + patients 33 . Multiple doses of 2B1 
induced elevated serum levels of TNF-a, IL-6, IL-8, granulocyte- 
macrophage colony-stimulating factor (GM-CSF) and IFN^y, as well 
as minor clinical responses. Notably, several patients exhibited sig- 
nificant increases in human anti-HER-2/n^w antibodies of both IgM 
and IgG isotypes, indicating that 2B1 treatment induced specific 
antitumor immune cascades (J. Gralow et ai, unpublished). These 
encouraging results from clinical trials point to the potential promise 
of FcyR-directed BSMs in cancer therapy. 

FcyRs and infectious diseases 

Fc^Rs are of crucial importance in directing the uptake and de- 
struction of viruses, bacteria and a variety of infectious parasites, 
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F g 3. Role of FcyRs in type II and III hypersensitivity, (a) Type II hypersensitivity is induced when Abs bind to Ag(s) on autologous cells such as 

FTP (when the target cell ts a platelet) or AIHA (when the target cell is an erythrocyte), JTP has been treated with molecules that downmodulate or block 
FcyRs to prevent platelet destruction, (b) Type III hypersensitivity is induced when circulating immune complexes that have not been properly cleared by 
FcyR-bearing cells of the mononuclear phagocyte system deposit s tissue sites. Ag-Ab complexes encounter FcyR-bearing cells and trigger the release 
of soluble mediators. These mediators initiate a series of events, including tissue edema and infiltration of neutrophils. The neutrophils mediate tissue 
destruction upon engagement of FcyRs by immune complexes or anti-FcyR autoantibodies. Abbreviations: Ab, antibody; Ag, antigen; AIHA auto- 
immune hemolytic anemia; ITP t idiopathic thrombocytopenia purpura; mAb t monoclonal antibody 



FcyRs are also important for immune defense to intracellular 
pathogens such as Toxoplasma gondii. Antibodies specific for T gondii 
focus the organism to the effector ceil by binding to FcyRs, thereby 
leading to destruction of the pathogen. BSMs that focus T gondii to 
the surface of myeloid effectors (monocytes and neutrophils) me- 



diate destruction of the pathogen regardless of the surface antigen 
on the effector.cell to which they are directed 37 . In contrast to phago- 
cytes, NIK cells destroy T. gondii only upon targeting to FcyRIII, and 
not other cell-surface markers, identifying FcyRIII on NK cells as 
the primary trigger molecule for T. gondii destruction 37 . BSMs are 




A16 



now being developed for a variety of microorganisms, including 
fungi and antibiotic-resistant bacterial strains, to target these 
pathogens specifically to FcyR-expressing cytotoxic effector cells. 



Antibody-dependent enhancement 

Another interaction between pathogens and FcyRs is constituted by 
the phenomenon of antibo dy-dependent enhancement (AVE) of in- 
fe ction by c erfainviruses. Sufficient level of opsonization by virus- 
specific andbodiSTiia? to FcyR crosslinking, internalization and 
degradation of opsonized virus particles. However, in some in- 
stances, suboptimal levels of virus-specific antibodies have been 
found to promote infection o f FcyR* cells by flavi viruses, al pha 
viruses, rhabdovirusesand retroviruses 1 . Also, in vitro, BSMs that 
target dengue virustoFcyRI or FcyRIIa, or to non-FcyR surface 
antigens, can mediate ADE by focusing virus to the cell surface 38 . 
On the other hand, BSMs that direct HIV to FcyRI, FcyRII or FcyRIII 
on monocyte-derived macrophages markedly reduced virus pro- 
duction with no evidence of ADE (Ref. 39). However, a BSM target- 
ing HIV to a non-FcyR surface antigen (CD33) was ineffective and 
even led to ADE of macrophages. Thus, the evidence for FcyR- 
mediated ADE is not conclusive. 

A nother gp41- and FcyRI-specific BSM (MDX-240) has b een 
piown to decrease virus production siffnifir anfly, ^ weU as Himi; 1 . 
s hformation of HIV proviral DNA in macrophages. In a phase I/II 
/cli nical trial up to six 10 mg m~ 2 doses of MDX-240 were tolera ted 
we ll and induced a transient increase in CD4+ T cells in some pa- 
ti ents, although none of the treated patients showed eviden ce of 
ADE q.L Pasqu ali et al. unpublished). These sh. d.os ^hlid, ^ 
pleiotropic role of FcvRs in infectious disuse processes and iden tify 
F cyR-directed BSMs as a potential therapeutic ap proach. 

FcRs and autoimmune disorders 

FcyRs have been shown to play a significant role in autoimmune 
disorders, either by mediating destruction of normal cells op- 
sonized with autoantibodies or, conversely, by failing to clear ICs 
adequately. For example, inability of FcyR-bearing cells to remove 
soluble ICs has been proposed to enhance autoimmune conditions 
such as systemic lupus erythematosus (SLE), where.IC deposition 
in tissues triggers inflammation and tissue destruction, a character- 
istic type in hypersensitivity reaction (Fig. 3). On the other hand, 
engagement of functional FcRs on effector cells of the mononuclear 
phagocyte system triggers the destruction of autologous erythro- 
cytes or platelets in the presence of autoantibodies directed to these 
cells. This may result in autoimmune lipolytic anemia (AIHA) 
or idiopathic thrombocytopenia purpura (ITP), both of which are 
autoimmune disorders characteristic of the type II hypersensitivity 
class of inflammation (Fig. 3). These observations suggest that FcyR- 
directed therapies could be developed to treat autoimmune dis- 
orders mediated by either type II or III hypersensitivity reactions. 

SLE patients characteristically make autoantibodies specific for 
double-stranded (ds)DNA and other nuclear factors. The ICs 
formed by these antibodies deposit in the kidney and cause renal 



dysfunction because of insufficient clearance by phagocytes. FcRs 
in these patients may be downregulated or uncoupled from the sie 
nal transduction cascade*"'. FcRs may also play a role in the in- 
flammation and tissue destruction observed in SLE patients" 
Tissue-deposited ICs crosslink FcRs on infiltrating immune effector 
cells (neutrophils and macrophages), causing the release of inflam- 
matory cytokines, proteolytic enzymes and other toxic molecules 
(Fig. 3)*. The presence of anti-FcyR autoantibodies in the sera of 
patients with autoimmune diseases has been proposed to explain 
the role of impaired FcyR function 43 . Anti-FcyRI, -H or -HI auto- 
antibodies have been purified from the sera of patients with SLE, 
Sjogren's syndrome, rheumatoid arthritis, Raynaud's disease and 
progressive systemic sclerosis. These may not only affect IC clear- 
ance, but can also crosslink FcyRs and trigger release of proinflam- 
matory molecules* 3 . Soluble Fc-yRs have been demonstrated to inhibit 
the Arthus reaction, implicating a role for FcyRs in type III hyper- 
sensitivity reaction". Recent studies, demonstrating drastically re- 
duced Arthus reaction in FcR -y-chain-deficient and FcyRIII-deficient 
mouse models, have established that FcyRs play an important role 
in type III hypersensitivity reactions 15 - 17 . 

FcyR polymorphisms also seem relevant in autoimmune disease. 
A marked skewing of FcyRIIa allotypes that interact differently 
with human IgG2 and IgG3 isotypes has been observed in 
Caucasian SLE patients with lupus nephritis 45 , and in African- 
American SLE patients, both with and without lupus nephritis 4 *. 
Several clinical parameters were found more frequently in FcyRIIa- 
R/R131 than in FcyRIIa-H/H131 homozygous patients, including 
high levels of anti-dsDNA and anti-Sm autoantibodies, as well as 
increased incidence of AIHA (R. Repp and J.G.J, van de Winkel, un- 
published). Furthermore, this polymorphism seems important for 
the activation capacity of anti-neutrophil cytoplasmic antibodies in 
Wegener's granulomatosis 4 '. Collectively, these data suggest that 
the FcyRIIa polymorphism constitutes a risk factor that has patho- 
physiological importance for IC disorders. 

' Recent work demonstrating the inability of anti-plateiet anti- 
bodies to induce thrombocytopenia in FcR-T^in-deficient mice 
has solidified and extended the role of FcyRs in type II hypersensi- 
tivity disorders (AIHA and ITP) 1 '. Corticosteroids, often the first line 
of treatment for ITP, have suppressive effects on FcyR functions 1 , 
impeding the destruction of antibody-coated platelets by FcyR + 
cells of the mononuclear phagocyte system. Other treatments for 
ITP include intravenous immunoglobulin (IVIg) and anti-Rhesus 
factor antibody (WinRho). One proposed mechanism of action for 
IVIg and WinRho suggests that their binding to FcyRs on mononu- 
clear phagocytes leads to inhibition of the Fc-mediated destruction 
of antibody-coated platelets 48 - 49 . Decreased FcR function in mono- 
cytes derived from IVIg-treated patients, and successful treatment 
of FTP by infusion of the Fc portion of IgG, support the idea that 
FcyR blockade is a relevant mechanism of action 50 . A role for FcyRs 
in AIHA is further supported by prolonged IC clearance in mice 
treated with an anti-murine FcyRII/IH mAb (2.4G2) 51 , and delayed 
clearance of antibody-opsonized erythrocytes in chimpanzees in- 
fused with an anti-FcyRIII mAb (3G8)». Furthermore, an ITP pa- 
tient treated with mAb 3G8 showed a dramatic, albeit transient, rise 
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in platelet count 53 . Treatment of an IVIg-refractoiy HP patient with 
an anti-Fc7RI mAb (197), which triggers downmodulation of RryRI, 
showed significant clinical improvement 54 . Although the platelet 
count remained stable during the five-day mAb treatment the pa- 
tient showed a marked rise in platelets in response to subsequent 
IVIg treatments. A humanized anti-FcYRI mAb (H22) 55 can effi- 
ciently downmodulate FcryRI on monocytes and macrophages, re- 
sulting in inhibition of phagocytosis and ADCC of antibody-coated 
cells (P.K. Wallace, unpublished). Clinical trials of this reagent for 
evaluation of in vivo efficacy in ITP and AIHA patients are expected 
to commence soon. 



Concluding remarks 

FcyRs are clinically relevant trigger molecules on both myeloid and 
lymphoid effector cells, and their activation and deactivation can be 
exploited to combat various diseases. Recently, the signal transduc- 
tion pathways of Fcr/Rs have been partially delineated and FcyR- 
specific mAbs and BSMs are being tested in preclinical and clinical 
studies with encouraging results. Novel techniques to affect directly 
the intracellular signaling cascade of FcyRs, and multispecific mol- 
ecules that can simultaneously activate or deactivate several classes 
of Fc^Rs, may offer additional therapeutic options. 
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POLYCLONAL ACTIVATION OF THE MURINE IMMUNE SYSTEM BY AN 

ANTIBODY TO IgD 

XL Contribution of Membrane IgD Cros^Unkta« to the Generation of an in Vivo 

Polyclonal Antibody Response' 

DUU.A K. OOROFF.- JOANNE M. ■MMmjat' FRANCOISE NISOU" «. 

FRED D. FINKELMAN** 

From «. t * M^oe. formed ^"^^ ^ 
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The injection of mice with a foreign, polyclonal 
antibody to IgD sequentially induces: 1) activation 
of B ceils by cross-Unking of their cell membrane 
(ml IgD; 2) B cell processing and presentation of tHe 
bouSd anti-igD antibody to T cells; 3) activation .off 
these T cells; and 4) T-dependent stimulation of B 
cell differentiation into IgG 1 secreting cells. To de- 
termine whether the cross-linking of B cell mem- 
brane IgD and/or the resulting B cell activation that 
follows contribute to the generation of the poly- 
clonal IgGl response, we examined the abilities of 
three sets of antM mAb or mAb fragments to stim- 
ulate polyclonal IgGl production. Within each set 
mAb were matched for species and Ig isotypic deter- 
minants , but differed in avidity for IgD or in ability 
to cross-link IgD. In addition, experiments were per- 
formed to determine whether the antM mAb had to 
be foreign to the immunized mouse to stimulate an 
IgGl response. Results of these experiments indi- 
cate that: 1) recognition of the injected anti-6 anti- 
body as foreign is required for the induction of a 
polyclonal IgGl response; 2) the cross-linking of B 
cell membrane Ig, which directly activates B cells, 
can contribute considerably to the generation of in 
vivo IgGl production; and 3) that even relatively 
weak cross-linking of membrane Ig by ligands that 
bind it with low avidity can make this contribution. 

The cross-linking of B celt m 3 Ig has been shown both 
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in vitro and in vivo to activate B lymphocytes (1-6) and 
to make them more responsive to cytokines that can 
stimulate antibody production (7-10). Although much 
progress has been made In the past Tew years toward 
understanding the cellular physiology of mlg < ^;™f 
ing-medtated B cell activation (11-20). the role of this 
oroccss ui the generation of a humoral immune response 
Ts largely undefined- mlg cross-linking most likely con- 
tributes to the generation of In vivo antibody responses 
to -tvoe 2- T cell-independent Ag. These Aghave multiple 
representations of the same epitope that enhance their; 
ability to crosslink the mlg of Ag-specific B cells (21, 2ZJ. 
Stimuli that derive from mlg cross-linking by these Ag 
are the sole mechanism by which they appear to be able 
to stimulate B cells in an Ag-specific manner, since they; 
lack the polyclonal activating properties of bacteria] ' 
and are unable to Induce T cell help (23. 24]. 

Little is known, however, about the importance of mlg 
cross-linking for the in vivo generation of antibody re- 
sponses to T cell-dependent Ag. Although some in vino 
studies or T cell-dependent B cell activation suggest that 
mlg cross-Unking may act synergtstically with T ceU- 
dependent stimuli to induce B cell activation (7. 8 aa. 
26), other studies suggest that any contribution made bj 
mlg cross-linking to T cell-induced -B ceD aclivaMon tt 
minor (27). In addition, while it Is generally agreed ^ , 
q ccU mlg plays a critical role in B cell processing and 
prScnSSon of Ag to T cells (27^35). the "J 
cross-Unking In the processing and/or presentation <J 
mlg-bound Ag remains controversy. Although activate^ 
Bcells haveb^en reported to be better than stnaU resting 
B cells aL presenting Ag that they have bound Uirougfi 
surface receptors other than mlg to T ccUs (36. 3^ 
univalent Fab fragments of anti-lg antibodies, which 
neither cross-link mlg nor activate B cells, have been 
found to be as ef f IcacTous at enhancing Ag P^enUmon 
by resting B cells as the B ccll-activating. ^entFab)2 
SagmenO; of the same antibodies (27. 34. 38-40) The, 
aboity or soluble protein Ag that have only a single rep. 
reseSatlon of any epitope to stimulate an in vi^ anh 
body response suggests that mlg ^^^^ 
be essential. Such Ag. however, are flniemlV 
strongly immunogenic if polymerized or 
with adjuvants that might, such as alum, polymery 
them directly through surface adsorpuon or such a 6 
CFA. enhance their uptake by an APC (41 )- Furthermore 
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even if mlg cross-linking is not essential to the induction 
of a T cell-dependent antibody response, it might still 
enhance such a response. 

To investigate the role of mlg cross-linking in in vivo T 
cell-dependent antibody production we have used a eys- 
icm in which the injection of mice with anti-IgD antibod- 
ies stimulates a large, polyclonal IgGl response 7 to 9 
days after injection (6, 42). Studies in this system re- 
vealed that injection of GaM6 first cross-links the mlgD 
on B lymphocytes, which stimulates T cell-independent 
increases in B cell size, expression of MHC class n and 
other activation-related Ag. and DNA synthesis (6. 43). 
GaM6 is internallized by these B cells and is presented to 
goat igG-spccific T cells, with the resulL that polyclonal 
T cell activation is observed starting 2 to 3 days after 
GaM5 injection (6, 44, 451. This T cell activation is essen- 
tial for the production of both the polyclonal and the goat 
IgG-speciflc IgGl responses that start 3 days later [42). 
More recently we have investigated the abilities of differ- 
ent anli-5 mAb. and fragments of these antibodies to 
cross-link mlgD and to activate B cells. These studies 
have demonstrated that those antibodies that have the 
greatest ability to cross-link IgD also have the greatest 
ability to activate B cells in vitro and in vivo, whereas 
those antibodies that have more limited ability to cross- 
link IgD have little ability to stimulate B cell DNA synthe- 
sis, but can still induce B cells to increase their expres- 
sion of class n MHC (46). We now report studies in which 
(he abilities of these, and additional anti-5 mAb to induce 
in vivo polyclonal IgGl responses are investigated. Our 
experiments indicate that although mlg cross-linking can 
contribute considerably to the generation of an In vivo 
IgGl response, the extent of mlg cross-linking required 
for this contribution Is small, and can be achieved with 
even low affinity anti-5 antibodies that are unable to 
Induce B cell DNA synthesis. 

f MATERIALS AND METHODS 

• Mice. BALB/c female mice were obtained from the Small Animate 
Dhrtalaa of the National Cancer Institute. National Inst i t ut es of 
Health, Betheadcu MD. and were used at 8 to 12 wk of age. CB20 

I ^Joc which are congenic to BALB/c mice but express Ig of the b 

£. ^typc, were a g^t of Dr. Michael Potter 

} gfttq/c x C820JF1 mice were bred in (be animal faculty of the 

v "epartmeatof Loboratoy Animal Meb^cme, t^mS. 

j Antibodies. The production, preparation, purification, and char- 

r ftoltahon Of the following antibodies and antibody fragments have 

f "jai described previously: Ktr/1 is a mouse lgG2b of the b allotype 

fv binds with Mgh affinity to a determinant on the Fc fragment of 

j: ¥pof the a allotype (47]. This antibody ta an effective croaalinkcr 

p Jj**** soluble and cell membrane IgD, and induces B cells from a 

\ * vwypc mice to increase their expression of MHC class n. enlarge in 

* J^* 1 ^ synthesize DNA (46. 47). A monovalent Fab/Fc fragment 
| <* this antibody, which la composed of a single Fab fragment linked 
r J? 1 ^^ fragment by the hinge region (48), was produced by dastase 
i}. J^Uon and purified by protein A affinity chromatography and 
\l yg^dex G-150 gel f titration (49). The purified Fab/Fc fragment 

21 PtpaiaUoa need contained less than 296 Intact rtfVJ . Thla frag- 

i unlike Fab. ha* a long In vivo half-life. It is capable of 

p . jjcuvatlng b ceils in vivo by FcyRII-dependent mechanism, wh ich is 

r; ?5*«i by a rat JgG2b mAb to this receptor. 24G2 (50). AMS-15. 

K bbJ 70, and FF1-4D5. are all IgO^a antibodies of the b allotype that 

*. antigenic determinants associated with the Fab or F(ab'}2 
2? nents of IgO Of the a allotype (46. SM- AMS-15 and Ff 1-4D5 

IV TjJJ Una these determinonta with relatively high avidity, whereas 

<i btnds ^th very low affinity (46). None of these antibodies 

. r^-Unk IgD well or directly Induce 8 cells to synthesize DNA; 
{T*?^' tbey have some CrOSS-llnklng ability and are able to induce 
wtfS? 8 10 mcrea9C class n expression (46). Afllnity purified. 

T- 4hS*^* pcctflc ' rabbit anti-mouse IgO) antibody and mouse igO- 
goat anU-rabbit ig antibody (a gift of Or. EUen Vitetta. 



Dallas, TX) were prepared as described (42). Three rat lgG2a mAb to 
mouse IgD were used. 1 1-26. was a gift of Dr. John Kearney (Uni- 
versity of Alabama School of Medicine. Birmingham. AL). while HD6- 
6 (also known as LO-MD-6) and HB6-7 (also known as LO-MD-7) (52) 
were prepared in the laboratory of Dr. Hcrve Bazin (University of 
Louvaln Faculty of Medicine. Brussels. Belgium). An were grown as 
ascites in LOU/C Igclb (OKA] rats, and were purified by sequential 
(NHilsSO* prcciplUition and DE-52 (VThatmaD Inc.. Clifton. NJ) ion 
exchange chromatography, as previously described (46). Character- 
ization of these mAb is described in Results- B3B4. a rat lgG2a mAb 
specific for the mouse low affinity Fc<Rn (CD23) (53) was a gift of 
Dr. Daniel Conrad. Richmond, VA- MKD6. an anti-Ia d mAb (541. was 
a gift of Dr. James Mond. Bethcsda, MD. 

Quantitation of serum IgGl. Serum IgGl contcnL was analyzed 
by radial immunodiffusion. Radial immunodiffusion plates were 
either purchased from Meloy or produced with rabbit anti-mouse 
IgGl anubody as described (55). An IgGl standard was purchased 
from Meloy Laboratories. Inc.. Springfield. VA. 

Immunofluorescence studies. Immunofluorescence microscopy 
with a Leitz OrthOlUX H microscope was used to study the abilities of 
FTTCMabeled anti-* mAb to cap B cell mlgD as previously described. 
Plow mlcrofltf orimclry with a fcecton Dickinson PACS II or a Becton 
Dickinson FACScan (Mountain View. CA) was used to quantttate 
MHC class U (la) expression on spleen cells stained with a FlTC- 
labeled antl-Ia* 1 mAb (MKD6J. for measurements of unti-* mAb av- 
idity, and for determination of the fine specificity of rat anti-fi mAbS. 
as described (6, 46). 

RESULTS 

Characterization of rat IgQ2a anti-mouse IgD mAb. 
Three rat IgG2a anti-mouse 6 mAb, 11-26. HB6-6, and 
HB5-7. were characterized for their fine specificities, av- 
idities, crose-linklng abilities, and abilities to induce in- 
creases in splenic B cell class II MHC expression in vivo 
and DNA synthesis in vitro. To determine whether these 
mAb bound to BFc or 5Fd determinants, spleen cells from 
BALB/c mice, which express Ig of the a allotype, and 
spleen cells from b allotype-congenic CB20 mice were 
preincubated on ice with unlabeled fiST/l. which binds 
to a determinant on the Fc part of IgD of the a allotype 
but not to IgD of the b allotype (47), or with a control mAb 
(CBPC-lOl). Cells were then washed, stained on ice with 
FITC-labeled 11-26, HB5-6, or HBJ-7, and analyzed for 
fluorescence intensity by flow microfluorometry. Al- 
though all three FITC-labeled mAb brightly stained ap- 
proximately 50% of both BALB/c and CB20 spleen cells, 
pretreatmcnt with unlabeled H5*/l almost completely in- 
hibited staining of BALB/c spleen cells by HB6-6 and 
HB*-7. but did not affect staining of these cells by 1 1-26. 
and, as expected, had no effect on staining of CB20 
spleen cells by any of the antibodies tested (data not 
shown). Thus. HBi-6 and HB5-7 are specific for a deter- 
minant or determinants on 3Fc. To determine if 11-26 
binds to a fiFd-related determinant, we examined the 
ability of two mAb that are specific for determinants an 
JFd of the a allotype, AMS-15 and FF1-4D5 (46) to inhibit 
staining of BALB/c B cells by FTTC-1 1-26. Surprisingly, 
neither antibody blocked staining (data not shown). How- 
ever, when analyzed in an ELISA, 11-26 bound well to 
TEPC-101 7, a monoclonal IgD that contains both 5Fd and 
5Fc determinants, but failed to bind to a monoclonal IgD, 
KWD-1. that lacks SFd (Ci.) determinants (56). whereas 
H<5Y1 bound equally well to both TEPC-1017 and KWD- 
1 (data not shown). Thus, 11-26 is specific for a 6Fd- 
related determinant, but one different from those bound 
by FF1-4D5 and AMS-15- 

To compare the avidities of 1 1-26, HB5-6, and UB6-7. 
wc determined both the concentrations of these mAb 
required to half -maximally stain splenic B cells (MFTco), 
as well as the concentration of a purified IgD plasmacy- 
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toma protein (TEPCM017) required to inhibit staining by 
MFUo concentrations of these mAb by an additional 50% 
(i.c. to reduce staining to 25% of the maximum level] 
0C*o). intensity of seaming was determined toy flow mi- 
cronuorimetry. A high avidity antibody will stain cells 
maximally at a low concentration and will be neutralized 
by a low concentration of igD. and hence, will have a low 
MFlao and iCso. All three mAb had similar MFIgo and IC^ 
values {Table I) which were comparable to those of pre- 
viously characterized high avidity allo-anti-fi mAb- Thus, 
all three mAb bind IgD with high avidity. 

Our previous studies of allo-anti-6 mAb revealed chat 
all those specific for «Fc could effectively cross-link both 
soluble and cell membrane-bound IgD, whereas those 
specific for 6Fd had relatively little cross-linking ability 
(46). The rat anti-6 mAb followed this trend. Both HBo-6 
and HB5-7 precipitated TEPOl 017 as tested by gel double 
diffusion, whereas 1 1-26 did not. Similarly. B cell mlgD 
was capped within 15 mln by HB5-6 and HB5-7. but not 
by 1 1-26 (data not shown). 

The abilities of these mAb to activate B cells were 
studied in vivo and in vitro. Injection or BALB/c mice 
with 100 $ig of HBo-6 or HB5-7 stimulated greater than 
100% increases In Ia d expression one day later, as deter- 
mined by flow microfluorlmetrlc analysis. Injection of an 
equal quantity oT 1 1-26, however, stimulated only a 13% 
increase in the fluorescence intensity of cells stained 
with anti-Ia H antibody (Table II). This low degree of stim- 
ulation, while reproducible in several experiments, was 
considerably less than that seen even with those allo- 
anti-3 mAb that have a limited ability to cross-link mlgD 

TABLE I 

Avtdltle* of rai JpG2a anrt-mo u se 6 n\Ab m ^ 

Antibody 



MKIm 



11-26 
HB&-6 
HHd-7 



1.6 
30 
2.0 



1.5 
1.0 
0.8 



TABLE m 

Rector m utuo treatment Qj mice with a^antt-! 9 D mAb un B cell 
^ ctass U miC expression' ( 



Antibody 
Injected 



No. of 
KxpL 



Ferccat tacrt*Re 
In ta^MFI 



OT/l 
AMS-1S 
FF 1-405 
AF4.70 



170 ±7 

76 ±9 

77 ±3 
HS± 12 



- to determine that concentration oT **c*i anti-mouse 4 mAb required 
to bind 50* of B cell IgD molecule? (MFW BALO/c spleen ceUa wen: 
exposed test 30 mln at 0*C to 0.1 lo 100 u£fm\ of 1 1-26. HB5-6. or . 
washed, sandwich *z*ined with FlTC-labded rabbil anti-mouse lg02 
antibody- icwasbed. and analyzed for surface fluorescence by flow ml- 
crofluonmetry. The MFIso Is that concentration of antM mAb Uwi atamed 
mlgD" cells ro half -maximal tniensiry. To ddcrminc thai oonecnuuUoA 
of^D required to inhibit staining of mlglT cell* by the MFl*, conccntra- 
Oort of antM mAb by 60% (XC**). the MFI*. concentrations of the mAb 
shown we™ prelncubaled with 0.1 to 1O0 <£of purified mou*e IgD for 30 
mln. after which spleen cells were incubaled on lec wllb the mixture for 
30 mln, washed, sandwich stained with FITC-ttaM72 antibody, and ana- 
lysed for surface noorcscenC* by now mlcroniiorlrnetry. MFfao and ICm 
values arc shown in nfi/inl. Hl#i avidity sjiUbodte* have low Mfl« and 
high ICm values. 

TABLE U 

^ffecr of (n v»uo treatment of mice with rat lgG2a arat-moustf A mAb 



Antibody 
Infected 


Median Flvwttjioenoc 
UKKrutfty of CWls 




None 


161 




ftat lgG2a 


J64 




11-26 


165 




HH*-6 


400 




HB*-7 


37S 






"BAt-H/C mice linree/ftroupj were uni uninwiw vt — 

i.v. with 100 />£ of a conlrnl rat lfiC2t* .nAb or with 100 «tg of The anU-a 
mAb shown. Mice were lulled OA h later, and Iheir spleen cells were 
stained with FITC-labelcd antl'to - mAb (MKD61 and analysed for surface 
nuorcscence by flow microfluorometry. The median nunresccnoe intcnsily 
(average brightness) or la*" ceils «* determined individually for spleen 
cells from each mouse; mean value* of the Ihree etetcrmmaTions made for 
each flroup are anown. 



each "^Pf"™^.*^ M lr ^wcrektllcd 24 h later and tMt spleen cell* 

wc ? „ L, now microfoorlmetty. Values for median fluo- g 

surfaCC ""^ff^^LS, TsolcraOdla positively amlned with anu-fa» » 

^^TpUcnt Increase* In lamming of splwn cdl^™» 
See inStcd with each pT the ann-» mAb wot calculated and <caulta 

SE arc shown. 



C Normal Rat lgG2s 
• HB6-7 



mAb Alone 
mAb*IL-4 



Antibody Concentration 0.ig/ml) 

FiaU r€i L Indvruon of D cell DNA ayntheste by rat IgQ^ anU-tnouae 
WD mAb. T ceU^deplcled BALB/c spleen cells were cultured for ^reecfcyB 
uTsb-wcU mlcnitltcr pUitea at 2 x 10* cells to U» ■ rf of cuttu^ mc^um 
widVl to 100 «g of normal rat lgQ2a_ HBM. HB6-7. 0*" X1-2G. ±100"/ 
mTofXi^eLs were pulsed with 1 & of thymidine 1 B h befort 
eelte were harvested onto^ass fiber discs and l discs were ^ualedf^ 
nidioactlvily by eclnUltotion spectroscopy. Cultures were performed to 
triplicate: mean values arc shown. 

(46) (Table ni). and suggests that the mlgD-cross-HnWng 
ability of 1 1-26 may be extremely limited. 

To determine the abilities or the three rat anti-6 mAb 
to stimulate B cell DNA synthesis in vitro, purified B cells 
were cultured for 3 days with 1 to 100 «g of each of these 
antibodies or a control antibody in the presence or ab- 
sence of 100 U of mouse rIL-4 (a gift of Dr. Alan Lcvif^ 
St. Louis, MO), then pulsed with a H-Oiymldinc, harvested 
and analyzed for ^ content by scintillation spectroscopy 
(Fig. i). Both HBo-6 and HB6-7 induced significant in- 
creases in DNA synthesis in the absence of IL-4. an* 
much larger increases In the presence of this cytokine,} 
whereas 1 1-26 failed to induce Increases In DNA synthe-j 
sis in the absence or presence of IL-4. Thus, as observed, 
previously with aUo-anii-mouse 6 mAb, the ability UV 
cross-link IgD correlated well with the ability to stimulate 
B cell DNA synthesis in vitro (46). 

Determination of abilities of rat IgG2a anti-mouse J 
mAb to stimulate an in vivo, polyclonal IgGl response^ 
To determine the abilities of the rat anti-mouse 8 mAb 
that we had characterized to induce a polyclonal IgGl 
response when injected into BALB/c mice, mice wen 
injected with 20 to 640 og of 1 1-26, HBo-6. or HBo-7. li 
the presence or absence of 500 of 24G2 (rat ^ 
anti-mouse Fey RE), and were bled 9 days later HBJ- 
stimulated a large Increase in scrum IgGl level a 
a dose of 40 ^g/mouse. whereas the response to HB6- 
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HBB-7 + 24G2 
11-26 + 24G2 

1000 

Anti-6 m Ab Injected (jig) 

Figure 2. SiimulaUon of polyclonal IgGl responses by nit lgG2a anu- 
mousc IgD mAb. BALB/c mice fflv^group] were bij«cced Lv. with 20 to 
6*0 jigof purified 1 1-20. HBfi-6. or HB6-7 [upper panel}, or with the aamc 
antibodies phis 500 fig of 24G2 {lower panel). Mice were bled 9 days after 
mAb Injection and sera were analyzed for IgGl content by radial ixnrou- 
aarflfruaJan. Geometric means and SE arc shown. 

was first seen at a dose of 80 fig/mouse. Responses to 
both antibodies reached peak or plateau levels at a dose 
of 160 to 320 /ig/mouse. In contrast, 11-26 failed to 
Induce more than a very small IgG 1 response at any dose 
tested. Repeat bleeds made 13 days after 1 1-26 injection 
Showed no further Increases in serum IgGl level (not 
Shown). Injection Of 24G2 by Itself had no effect on serum 
%Gl levels, and this antibody failed to substantially mod- 
ify the responses made to any of the rat anti-mouse 6 
mAb (Fig. 2). Inasmuch as HEW -6 and HfW-7 effectively 
Cro$$-ilnk IgD and activate B lymphocytes directly, 
whereas 11-26, which binds well to IgD. fails to have 
these effects, these observations suggest, that mlgD cross- 
linking capacity is an important determinant of the abil- 
ity of an anti-d antibody to stimulate a polyclonal IgGl 
response in vivo, 

Stimulation of in vivo polyclonal IgGl^ response by 
totact divalent, cdlaanti-6 mAb that effectively cross- 
links mlgD and. by its monovalent Fab/Fc fragment. We 
tave previously shown that H6 a /1- a monoclonal IgG2b 
tf the b allotype that binds to and effectively crosslinks 
HP of the a allotype. Is an effective stimulator of B cell 
■ctJvaubn both In vitro and in vivo. The univalent Fab/ 
defragment of this antibody has some ability to activate 
BceHs when injected in vivo. This in vivo B cell-activating 
■Wtty appears to depend on an interaction between H$7 
lFab/Fc with Fc^RTJ receptor-bearing cells, which may 
tadAr ectly crosslink the mlgD to which the H6 a /1 Fab/Fc 
Jjjfcbound. The ability of a monoclonal anti-FcrRII anti- 
«*ly. 24G2, to completely block H671 Fab/Fc induction 
of increased B cell la expression in vivo, without af fecting 
*** ability of intact H5*/l to Induce increased la expres- 

(49], supports this view. Inasmuch as Fab/Fc frag- 
0lCr tts f unlike univalent Fab fragments, have a long in 

naif-life and possess all of the antigenic determi- 
nants of intact IgG, comparison of the abilities of intact 
j*j7l and H6 9 /l Fab/Fc, in the presence or absence of 
provides a well controlled way to study thc possible 
^rtribution of mlg cross-linking to the generation of a 
T ^pendent antibody response. Injection of BALB/c mice 



with 100 fig of either intact H671 or H671 Fab/Fc stim- 
ulated a considerable increase in serum Igp 1 9 days later. 
However, 24G2 almost completely inhibited the ability of 
this dose of H5V1 Fab/Fc to Induce an IgGl response, 
whereas it considerably enhanced the ability of intact 
H6 - /l to do so (Fig- 3). These effects of 24G2 were not 
shared by another rat IgG2 mAb, B3B4, which binds to 
CD23 (FceRII) (53). This mAb, which fails to inhibit the 
ability of H«7l Fab/Fc to activate B cells in vivo (49), also 
has little effect on the ability of either intact H6 fc /1 or 
H671 Fab/Fc to induce polyclonal IgGl production. These 
observations indicate that an interaction beLween FcyRIT 
on one cell and H$7l Fab/Fc that has bound to mlgD on 
a second cell, which promotes cross-Unking of the H6 a /1 " 
Fab/Fc-bound mlgD, contributes greatly to the genera- 
tion of a polyclonal IgGl response in mice injected with 
this mAb fragment. The mechanism by which antl- 
FC7RII mAb enhances the IgGl response to intact H671 
is less clear, and could result either from blocking of an 
interaction between FeyRfl and mlgD on the same cell, 
which could inhibit B cell activation and differentiation 
(57, SS), or from T cell recognition of the additional 
foreign determinants on the rat IgG2b anti-FcrRII anti- 
body molecule. 

To determine if increasing the dose of H6V1 Fab/Fc 
injected with 24G2 would allow a large polyclonal IgGl 
response to be induced, a dose-response study was per- 
formed (Fig. 4). In the presence of 24G2, a considerable 
increase in serum IgGl level was induced by as little as 
40 pg of intact H5 M /l , although little IgGl production was 
stimulated by less than 320 ftg of HF/l Fab/Fc; 40 $tg of 
intact H$71 induced a larger IgGl response than did 640 
/£g of H571 Fab/Fc; and 640 fig of intact H671 stimulated 
an IgG I response that was more than 14-fold larger than 
that induced by H671 Fab/Fc. However, unlike 1 1 -26, a 
high dose of H671 Fab/Fc in the presence of 24G2 can 
stimulate a several-fold Increase in IgGl production. 




HS'/I Fab/Fc* B3B4 
H$*n Fftb/F£* 24G2 
HS*/1 Fab/Fc 



Serum IgGl (mg/mi) 

Flgurr. 3. Aml-Kcfftfl mAb has opposite efleeta on the stimulation of 
a polyclonal IgG 1 response by monovalent and divalent forms of an lfiG2b 
ami-IgD mAb. TJAl-R/e mice (flvc/tfroup) were left untreated or were 
♦njecitrd c.v. with SO0 u& of B3B4 anll-FoFTT mAb or 24 C 2 antl-f crRll 
mAb. or with 1 00 jig or uiUKt Hr/1 [upper panel] or IMV1 Fab/Fc [lower 
panel), or with combinations of antt-FcR and anU-i mAb aa indicated. 
Mice were bled 9 days after antibody injection and vera were analyzed for 
IgGl crmrcm by radial Immunodlfruslon. Geoimf ric means and S£ arc 
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H5 # /W24G2 



H6°n Fab/Fc + 2«G2 

.-0— O 




AntM> mAb injected (^fl) 

F^urt 4. Stimulation oT polyvalent IgGl antibody production by mon- 
ovalent and divalent forma of an allo-anti-a mAb. BALB/c mice (three/ 
group] were Injected Lv. with 500 *g of 24C2 plus 10 to 640 v& of either 
Intact HSVl or W/l Fab/FC- Mice were bled 9 days after mAb (njccOon 
and scrum IgGl content was determined by radial Immunodiffusion. 
Gcometrfc means And SE arc shown. 

Synergistic stimulation of polyclonal IgGl response 
(nfaXb allotype)Fl mice by an antl-5 mAb that effec- 
tively cross-links mlgD but is not recognized as foreign 
and. anti-6 mAb that fails to effecting crass-link mlgD 
but is recognized as foreign. IgG2 mAb of the b allotype 
that bind to IgD of the a allotype fail to stimulate a 
polyclonal IgGl response when Injected into [a * b allo- 
type^ mice, because these mice, which have circulating 
IgG antibodies of both the a and the b allotype, lack T 
cells that recognize these allo~anti-5 mAb as foreign. The 
Injection or such mice with W/l . for example, selectively 
cross-links the mlgD on the 50% of mlglT B cells In these 
mice that express IgD of the a allotype and activates 
these cells, but falls to activate T cells of these mice or to 
stimulate polyclonal IgGl production (S. Morris, manu- 
script In preparation). We determined If a combination of 
H871, which would effectively cross-link mlgD but not 
be recognized as foreign by these mice, and the rat IgG2a 
anti-$ mAb, 11-26, which fails to effectively cross-link 
mlgD but is foreign to mice, would synergisticaDy stimu- 
late a polyclonal IgQl response by such mice. Inasmuch 
as 11-26 and W/l bind to different parts of the IgD 
molecule and do not inhibit each other's binding, W/l- 
Induced capping and endocytosis of mlgD would also 
cause the internalization of 11-26 that had bound to 
mlgD. Fl progeny of BALB/c (a allotype) mice and CB20 
mice, which are congenic to BALB/c mice but express Ig 
of the b allotype, were used for this experiment. Injection 
of these mice with either 100 /ig of W/l or 160 fig of 1 1- 
26 failed to induce a significant increase in serum IgGl 
level, whereas Injection of both mAb Induced a four- to 
five-fold increase (Fig. 5). Injection of(aXb allotype)Fl 
mice with a combination of H6*/I and either normal rat 
IgG or rat IgQ2b anti-FC7RII (24C2) failed to induce a 
polyclonal IgGl response (data not shown). These obser- 
vations, thus, provide further evidence that mlg cross- 
linking, whereas not sufficient to induce an in vivo pol- 
yclonal Ig response, can contribute to such a response. 

Comparison of abilities of mouse IgG2a mAb that 
differ in avidity for IgD to stimulate in vivo polyclonal 
XgGl response. Inasmuch as the univalent Fab/Fc frag- 



Untreated 



o t a 3 

Serum lgG1 (mg/ml) i 

Fiaure 5. Synergy between a foreign anti-« mAb that falla to cITectlvcly 
cro^-unk mlgD and a self mAb that effectively ero^i Jnl^ mlgD In the, 
Induction orTpolyctonal i&l response. ffJALB/c x C620JF1 mice (five/ 
group), which arc heterozyfiov* for the Ig a and b ^JF**- *™ ^ 
untried or were injectcdi.v. with 160 ^^^^^.^ 
that does not effectively croW-Unk mlgPJ. 100 „g of HP/1 (mouse IgC*b 
of Lhe h allotype antl-lgp of the a allotype, that effeeUvely cross-Unks 
mlgD of the o allotype) or with both of theae mAb, and were bled 19 days 
later. Scrum IgGl levels were determined by radial immunodiffusion. 
Geometric means *"d S£ are *hown. 

mcnt of W/l would be expected to bind to IgD less avidly 
than Intact W/l. it was possible that the decreased; 
avidity of this fragment for IgD, rather than its decreased 
cross-linking ability, was responsible for its diminished 
ability to induce an IgGl response in vivo In the presence 
of anti-FcrRIL To examine this possibility, and to test 
the relationship between avidity of anti-5 mAb and their' 
ability to stimulate an in vivo polyclonal IgGl response, 
BALB/c mice were injected with 20 to 640 eg of one of 
three mouse IgG2a antt-fi mAb that differed markedly In 
avidity and their serum IgGl levels were measured- The 
three mAb tested, AMS-15, AF4.70. and FF1-4DS. all 
bind IgDFd of the a allotype. AF4.70 has such low avidity 
for IgD of the a allotype that it stains B cells that express 
this allotype poorly, and this weak staining of B cells by ; 
FITC-AF4.70 Is difficult to inhibit by even high concen- 
trations of soluble IgD (46). In addition. AF4.70 exhibits 
barely detectable binding to ELISA wells coated with even 
high concentrations of soluble IgD (Fig. 6, main graph). 
FF1-4D5 Stains mlgD + 8 cells well, and binds with mod- 
erately high avidity to soluble IgD. In an ELISA in which 
high avidity anttbodies are characterized by their abilities 
to bind to wells coated with low Ag concentrations (59). 
FFI-4DS. however, appeared to have a lower avidity for 
IgD than either W/l or Its Fab/Fc fragment (Fig- 6, main 
graph). The apparently more avid binding of IgD by intact 
W/l and its Fab/Fc fragment, as compared to its binding 
by FFl -4D5 and AF4.70. is not a result of better binding 
of the rabbit anti-mouse IgG2 antibody used in this ELISA 
to IgG2b antibodies than to IgG2a antibodies. This Is 
demonstrated by the observation that our rabbit anli- 
mouse lg02 antibody bound equivalent^ to W/l a™ 
FF1-4DS when both anti-$ mAb were applied directly to 
microliter plate welJe (Fig. 6. insert). In other assays^ 
AMS- 1 5 has been found to bind soluble and mJgD at least 
as avidly as W/l (60). 

None of the lgG2a alloanti-«Fd antibodies is a strong 
cross-linker of B cell mlgD, and none Is able to induce f 
cells to proliferate in vitro. However, all have some cross 
unking and S cell activating ability, and surprisingly 
despite their marked differences In avidity, all have Sim 
liar abilities to Induce B cells to Increase MHC class I 
expression In vivo (Table III). AU of these antibodies als 
were able to induce a large polyclonal IgGl response whe 
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H5 a /1 Fab/Fc 
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IgD Concentration Gig/ml) 

Figure 6. Avidity of mous* allo-antl-* mAb. Main graph. Round- bot- 
tomed polyvinyl mlcrotller plate wells were coated witli 0.15 to 10 fig/ml 
of a purified mouse IgD plasmacytoma protein and blocked with OVa. A 
total of 50 *1 of 10 wg/nil of W/l. Hi*/1 Fab/Fc, FF1-4D3. or AF4-70 
were ihcn added to coaled wells, to which, after washing, rabbit anil- 
n*uae 72 antibody, alkaline pho<tphatase*kibeled goat anll-rabhlt Ig. and 
substrate were added sequentially. Xua was determined for each well 
«Uh an automated microliter place reader. Duplicate v.iluca were obtained 
far each mAb at each IgD concentration: mean values are shown, inset 
graph. Round bottomed polyvinyl mlcrotlter plate wells were coated di- 
rectly wi(h Q.oi to 10 #ig of either Hi VI Or FK1-4D5 «*nd blocked with 
OVA Rabbit anti-mouse y% antibody, alkaline pho*pnatasc-labelcd goat 
anU-rabbtt Ig. and sulxttratc were added sequentially, valuta were 
determined In duplicate as abovu- 
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lo any murine Ag, also had no effect on the abilities of 
these mAb to stimulate a polyclonal IgGl response (data 
not shown). Thus, even low avidity binding of an anti-fi 
mAb to mlgD, as long as it has some ability to cross-link 
mlgD and activate B cells, is able to induce a T-dependent 
polyclonal Igpl response. 

DISCUSSION 

The experiments described in this report were per- 
formed to determine whether the ability of an antigen to 
cross-Hnk mlgD and to directly activate B lymphocytes 
can contribute to its ability to induce an IgG antibody 
response in vivo. Studies were performed with sets or 
anti-IgD antibodies that differed in their abilities to cross- 
link mlgD and activate B cells, but were matched for 
isotypic, allotypic and species determinants to eliminate 
foreigness for T cells as a factor that could influence the 
generation of an antibody response. Our observations 
suggest that these activities can contribute considerably 
to the generation of an antibody response. Comparison 
of three rat mAb of the same isotype and avidity for IgD 
indicated that two which effectively cross-link mlgD and 
directly activate B cells could stimulate a polyclonal IgGl 
response, whereas one mAb that fails to effectively cross- 
link mlgD or directly activate B cells had little ability to 
induce polyclonal IgGl production. Although the Stimu- 
latory and non-stimulatory rat mAb also differ in the site 
or the JgD molecule to which they bind, this is probably 
not an important determinant of their ability to induce a 
polyclonal IgGl response, because three allo-anti-o mAb, 
which bind to the same part of the IgD molecule as the 
non-stimulatory rat mAb but have greater ability to di- 
rectly activate B cells, were effective inducers of poly- 
clonal IgGl production. Furthermore, experiments with 
an intact IgG2b anti-5 mAb that effectively cross-links 
mlgD and directly activates B cells, and Its Fab/Fc frag- 
ment, which has some ability to directly activate B cells 
in vivo in the absence, but not in the presence of an antl- 
FC7RII mAb (49). also demonstrate a strong correlation 
between the ability Lo directly activate B cells and the 
ability to Induce a T-dependent IgGl response. These 
experiments clearly eliminate the possibility that the site 
of the IgD molecule bound is an important determinant 
of the ability to induce a polyclonal IjgG response. Differ- 
ences between the avidity of IgD binding by the Intact 
mAb and Its Fab/Fc fragment are also not likely to be 
important determinants of the ability to induce poly- 
clonal IgGl production, because 1) this would not explain 
why anti-Fc-yRIT Inhibits the ability of the Fab/Fc frag- 
ment to stimulate IgGl production whereas it enhances 
the ability of the intact antibody to stimulate IgGl pro- 
duction: and 2) IgG2a allo-anti-$ mAb that bind mlgD 
much less avidly than the H5 a /1 Fab/Fc fragment, but 
have some ability to directly activate B cells, are effective 
inducers of polyclonal IgG) production. The importance 
of T cell recognition of foreigness. as well as mlg cross- 
linking, for anti-5 antibody induction of a polyclonal Ig 
response was demonstrated by the results of an experi- 
ment In which neither a rat IgG2a anti-j mAb. which was 
seen as foreign by (a x b allotype)Fl mice but fails to 
effectively cross-link mlgD, nor an antibody to IgD of the 
a allotype, that Is seen as self by these mice but effec- 
tively cross-links mlgD on their a allotype-exprcssing B 
cells, could stimulate a polyclonal IgGl response in these 
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Flaw* 7. Determination of quantities of FgC2a alkvanti -mouse A mAb 
JJWitd 10 Induce a polyclonal IgGl response In BAL8/e mice. BALB/c 
■** (foe/group) were Injected l.v. with 20 to 640 t*g of AF4.70 or FF1- 
*D3 (upper panel) or with AMS-1 5 or FF1-4D5 [toum panel). Mice were 
9 days after mAb Injection and serum IgCi concentrations were 
**enhmed by radial Immunodiffusion. Geometric means and SE are 

* I # !e ted into BALB/c mice fF«g. 7). FF1-4D5 was able to 
*»dace this response at approximately half the dose of 
^foer AMS-15 or AF4.70. Anti-Fc^Rn mAb, injected si- 
multaneously with any of these anti-fi mAb. had little 
Wect on their abilities to induce polyclonal IgGl produc- 
***** (data not shown), possibly because it fails to block 
Jheir binding to FcyRl, the high affinity, IgG2a-speclfic 

cR that is expressed by macrophages (61). Suppleraen- 
*Won of any of these TgG2a alloanti-a mAb with CBPC- 

°1- a mouse IgG2a of ihc b allotype that does not bind 
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mice, whereas a combination or these anli-6 mAb stimu- 
lated a signif ica nt response. 

Although our studies indicate thai cross-linking of 
mlgD that results directly in B ceil activation can contrib- 
ute to the generation of an antibody response, they do 
noc identify the mechanism by which this occurs. AL 
least three different mechanisms, which are not mutually 
exclusive, are possible. First, the activation of the B cell 
by the cross-linking of its mlgD could contribute directly 
to its proliferation and differentiation into an Ig-secreting 
cell. Although mlg cross-Unking alone is unable to induce 
Ig secretion, it can act synergistically with cytokine help 
to achieve this result (7. 8) and has been shown to induce 
increased expression of B cell receptors for T cell-pro- 
duced helper factors (9). Second, the cross-linking or 
mlgD might enhance internalization and processing of 
Ag. so that more Ag could be presented in an immuno- 
genic form to Ag-specific T lymphocytes. In vitro studies 
have, in fact demonstrated that although univalent Fab 
fragments of antl-Ig antibodies can be internalized by the 
B cell, they are processed differently from intact divalent 
anti-Ig antibodies that have entered the cell via an mlg 
cross-linking mechanism in that only the divalent anti- 
bodies enter an intracellular compartment that is acidi- 
fied (35. 62). Third, It is possible thaL changes In the 
activation state of the B cell that result from the cross- 
linking of its mlg, such as Increased expression of class 
H MHC Ag (5], enhance its ability to present Ag to T 
lymphocytes even if antigen digestion per se is not af- 
fected. 

Our observations appear to conflict with the results of 
some In vitro studies. Parker and coworkers (27. 40) have 
demonstrated, for example, that univalent Fab fragments 
of rabbit anti-mouse Ig antibody are as effective as diva- 
lent F(ab% fragments of this antibody at mediating an 
Interaction between mouse B cells and rabbit IgQ Fab- 
specif lc helper T cells that stimulates polyclonal B cell 
activation and antibody production. Casten and cowork- 
ers (38. 39) have similarly found that Ag linked to Fab 
fragments of anti-Ig antibody is as effectively presented 
by B cells to T cells as is Ag linked to F(ab'j* fragments 
of the same antibody. The apparent discrepency between 
these observations and ours may reflect the fact that the 
T cells used in the In vitro experiments were already 
partially activated and had been selected for high avidity 
for Ag. although in our In vivo system, Ag must be pre- 
sented to resting T cells that do not necessarily recognize 
it with high avidity. It is possible that there are more 
stringent Ag processing and presentation requirements 
for the initial Ag-9pecific activation of T cells than for 
reactivation or further activation of previously activated 
or partially activated T cells. 
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